The genus Frankia comprises a group of nitrogen-fixing actinobacteria that form root-nodule symbioses with perennial dicotyledonous plants in the nitrogen-fixing clade. These bacteria have been characterized phylogenetically and grouped into four clusters (clusters 1-4). Cluster 2 contains mostly uncultured strains that induce nodules on species of the genera Datisca (Datiscaceae), Coriaria (Coriariaceae), Ceanothus (Rhamnaceae) and several genera in the family Rosaceae (Cercocarpus, Chamaebatia, Dryas, Purshia), all of which except members of the genus Coriaria are present within the California Floristic Province (CFP) or neighbouring areas of western North America. Those strains occurring in western North America are genetically very closely related to one another, and genetically distinct from strains characterized from other locales. We hereby propose to create a 'Candidatus Frankia californiensis' species for those cluster 2 strains of the genus Frankia with both high genetic similarity and a geographical distribution in or near the CFP.
INTRODUCTION
The genus Frankia is comprised of nitrogen-fixing actinobacteria that establish root nodule symbioses in association with a group of perennial dicotyledonous plants belonging to three orders, eight families and 23 genera of pioneer dicots [1] within the nitrogen fixing clade, a phylogenetically cohesive group of four orders of host plants tracing to a single evolutionary origin [2] . Members of the genus Frankia have been characterized either as isolates or directly from symbiotic nodules, and placed into four 16S rRNAbased clusters [3] : cluster 1 contains Alnus-, Myricaceaeand Casuarinaceae-infective strains (except those infective on members of the genus Gymnostoma), cluster 2 contains Coriaria-, Datisca-, Ceanothus-and Rosaceae-infective strains, cluster 3 contains Elaeagnaceae-, Rhamnaceae-and Gymnostoma-infective strains and cluster 4 contains nonnitrogen-fixing or non-symbiotic strains. Strains from all these clusters, except cluster 2, have been cultured in vitro with relative ease since the first confirmed isolation in 1978 of a cluster 1 strain [4] , which is thus considered the type strain for the genus Frankia. An earlier report of a nodule isolate with a morphology characteristic of the genus Frankia, by Pommer [5] , showed re-nodulation of aseptically-grown host roots of Alnus glutinosa, but the strain was subsequently lost.
Attempts at isolating cluster 2 strains have been numerous and have used a large array of techniques and media and have all been unsuccessful [6] until a Biolog-based direct physiological characterization of symbiotic tissues showed that pH was limiting for one strain from a Coriaria japonica nodule. This insight permitted the recent isolation of a very slow-growing, alkaliphilic isolate with complex growth requirements [7] . However, it remains to be seen whether such a targeted approach will be successful with other strains in cluster 2.
There are only a few described species in the genus Frankia despite the fact that the bacteria were first described in symbiotic tissues over 150 years ago [8] and named some years afterwards as members of the genus Frankia [9] . Becking's proposal of ten species [10] that was based on a hostspecificity of crushed nodules approach has been replaced by a standard DNA-DNA hybridization of strains that confirmed only Frankia alni and proposed eight other genomic species in need of distinguishing phenotypic characteristics [11] . Only recently were six species described: Frankia alni, Frankia elaeagni, Frankia casuarinae [12] , Frankia inefficax [13] , Frankia discariae [14] and Frankia coriariae [15] ; a Candidatus species was proposed for a seventh isolate, a cluster 2 strain from Coriaria nepalensis that originated in Pakistan and had been propagated for more than a decade in nodules of Datisca glomerata: 'Candidatus Frankia datiscae' [16] .
The cluster 2 Frankia-compatible host plants are present on all continents except Antarctica. North America, particularly the California Floristic Province (CFP) is the centre of biodiversity for hosts of the cluster 2 strains of the genus Frankia, since five out of the seven host genera are native to the CFP [17] . Species of the genus Ceanothus (Rhamnaceae) are mostly endemic to western North America, but a few species extend to the eastern USA, north to British Columbia and south to Mexico and Panama. The genus Cercocarpus (Rosaceae) is native to western North America, north to Oregon and south to southern Mexico. The genus Chamaebatia (Rosaceae), with the most restricted distribution among the hosts, is endemic to California and Baja California. The genus Purshia (Rosaceae), which includes the genus formerly known as Cowania [18] , is endemic to western North America, north to British Columbia and south to northern Mexico. The genus Datisca (Datiscaceae) includes two species with disjunct distribution. Datisca glomerata is endemic to western North America, specifically in California and Nevada, and extending south to Baja California, Mexico [17] , while Datisca cannabina is endemic from Crete to India [19] . The genus Dryas has a wide distribution globally, endemic to Arctic or high-latitude regions across Eurasia and North America. In North America, the range of the genus Dryas extends eastwards from Alaska through Canada and southwards at high elevations into Oregon and Colorado. The genus Coriaria (Coriariaceae) has the widest global distribution among the hosts of the cluster 2 strains of the genus Frankia, with members in Mediterranean Europe, Africa and Asia, eastward to Japan, New Zealand and New Guinea, and including taxa in South America and Central America north through southern Mexico.
The density and diversity of cluster 2 strains in soils have not been assessed frequently, with some recent advances [20, 21] . Recently it has been shown that a genome representing the genus Frankia from Datisca glomerata originating in north-central California was significantly more distinct genetically from two genomes of strains originating in Asia than these strains were from each other [22] . The average nucleotide identity (ANI) genomic distance between strains Dg1 and BMG5.1 is 0.232, while the genomic distances of both to the Californian strain are 0.516 for Dg1 and 0.538 for BMG5.1, respectively [23, 24] . Moreover, it has been shown conclusively in previous studies that the cluster 2 strains of the genus Frankia detected in western coastal North American hosts and soils are very closely related to one another based on 16S rRNA gene, glutamine synthetase gene (glnA) and RFLP analyses [21, [25] [26] [27] .
We therefore undertook this study to bring together what is known about cluster 2 strains from western North America (primarily endemic to the CFP), to determine their phylogenetic position and to propose a new taxonomic treatment for this unisolated species.
METHODS

Sequence collection and analyses
Nucleotide sequences from the 16S rRNA gene and the glutamine synthetase A gene (glnA) of various strains representing the genus Frankia originating from Pakistan, Japan, Morocco, France and New Zealand [28] and from California [27] were collected from GenBank. In addition, nucleotide sequences of 16S rRNA, glnA and four other genes (atpD, dnaA, ftsZ, rpoB) were collected from complete genomes that are publically available [22, 29, 30] . Some strains had a gene missing and we thus used a pairwise approach to calculate distances.
For each gene, a multiple sequence alignment was made using MUSCLE [31] running on SeaView [32] . Phylogeny among the strains was reconstructed based on a single gene using 16S rRNA and glnA. Phylogenetic reconstruction based on a multi-locus sequence analysis (MLSA) was conducted on the concatenated sequences of atpD, dnaA, ftsZ and rpoB genes and the 16S rRNA gene. All phylogeny reconstructions were conducted using PhyML [33] based on pairwise percentage differences. Upon calculating the distances, gap-containing regions were excluded, and distances were corrected for multiple-base substitutions [34] . A bootstrap confidence analysis was performed on each tree with 1000 replicates to determine the robustness of the tree topologies obtained [35] . The resulting tree was drawn using NJPlot [36] . ANI was computed as described by Goris et al. [37] to determine the relationship between different genomes representing members of the genus Frankia.
Electron microscopy
Root nodules of greenhouse-grown Purshia tridentata originating from greenhouse-grown plants inoculated with rhizosphere soil containing compatible bacteria of the genus Frankia, collected at Sagehen Creek Field Station, CA, USA, were prepared for scanning electron microscopy as described previously [38] , except that chemical fixation was in Karnovsky's fixative [39] . Specimens were imaged on a Philips XL30 TMP.
RESULTS
The 16S rRNA gene genetic distances (Table 1) showed that strain Dg2 was closest to the Dryas-infective strain belonging to the genus Frankia at a 0.58 % substitution per site distance, while it was 0.92 % substitutions per site from the other cluster 2 sequences. The resulting The glnA tree analysis ( Fig. 2) permitted to see that the sequences representing the genus Frankia originating from California from all cluster 2 hosts formed a coherent cluster (at the bottom indicated by a rectangle) supported by 61 % of bootstrap replicates. Conversely, the other regions, for which the sampling is much more shallow, nevertheless showed more mixing. The three Datisca-infective strains of the genus Frankia with sequenced genomes are indicated by a star.
The MLSA genetic distance table (Table 2) shows that Dg2 is closest to the Dryas-infective strain of the genus Frankia at a 1.91 % distance, with the other cluster 2 sequences at 3.47 and 3.62 %, respectively. The resulting tree (Fig. 3 ) also positioned Dg2 (top) closest to the Dryas-infective strain of the genus Frankia in cluster 2. Cluster 2 had 100 % bootstrap support. All other clusters were recovered including cluster 1. Cluster 2 was sister to all other strains.
The ANI scores (Table 3) show that Dg2 is sister to strains Dg1 and BMG5.1, both at a distance of 89 %.
DISCUSSION
Beginning in 1978 [4] and onward, several hundred strains of the genus Frankia have been isolated from nodules of most actinorhizal hosts. The cluster 2 strains, however, have proven resistant to growth in commonly used media. An exception was found with the successful isolation of an extremely slow-growing, alkaliphilic strain from a Coriaria japonica nodule [7] .
Cluster 2 strains in general have been found to be genetically very similar to one another. Phylogeny reconstructed from partial 16S rRNA (380 bp) gene sequences [40] grouped the unisolated cluster 2 strains of the genus Frankia from nodules of Coriaria arborea and Coriaria plumosa (from New Zealand) with strains found in nodules of P. tridentata (western USA), Dryas drummondii (northern Canada and Alaska) and Ceanothus griseus (California). A study that targeted unisolated cluster 2 strains of the genus Frankia from nodules of 11 species of the genus Ceanothus (Rhamnaceae) and from Chamaebatia foliolosa (Rosaceae) in California used the concatenated sequence of the full-length intergenic spacer (IGS) region and the partial 23S rRNA gene (2300 bp), and found the genetic distances between all the strains to be less than 1 % [26] . Another study in California that targeted unisolated cluster 2 strains of the genus Frankia in nodules of several species of the genus Ceanothus, Datisca glomerata and several members of the family Rosaceae (genera Chamaebatia, Cercocarpus and Purshia) using the partial 16S rRNA gene (380 bp), the IGS (423 bp in sequenced genomes) and glnA (457 bp) found only very small differences: 16S rRNA gene (cluster 2=0.0 substitutions per site, cluster 3=0.00733); glnA (cluster 2=0.00454, cluster 3=0.04358); the IGS region showed little variation, further confirming that cluster 2 strains from California are extremely closely related [27] . Because these studies used different genes and different sets of strains, it is difficult to discern how all these strains could be grouped into species. The only discordant data are those from an early study made on the 16S rRNA gene sequences from three strains found from species of the genus Ceanothus from southern California that were found to be closer to those of cluster 3 strains than of cluster 2 strains [41] . This observation could be explained in light of the finding that cluster 3 strains of the genus Frankia were detected abundantly by 16S rRNA gene in the rhizosphere of two species of the genus Ceanothus in northern California, although cluster 2 strains of the genus Frankia were significantly associated with the genus Ceanothus and present in the nodules [21] . A similar pattern was observed for a strain, named R2, found in a nodule of a members of the genus Ceanothus in California, i.e. a 16S rRNA gene sequence more similar to those of cluster 3 than cluster 2 [42] .
The 'Candidatus Frankia californiensis' cells from nodules or from rhizosphere soil from one taxonomic group of hosts, when used as a source of inoculum, appear to successfully form root nodules upon hosts in the other endemic taxonomic groups. There have been a number of controlled cross-inoculation assays with Datisca glomerata inoculated with crushed nodules derived from Ceanothus thyrsiflorus plants collected in California [43, 44] . In addition, Cercocarpus betuloides and P. tridentata have been successfully nodulated with inoculum from Ceanothus thyrsiflorus and Ceanothus velutinus, respectively (K. Battenberg and A. M. Berry, unpublished). Furthermore, Cercocarpus ledifolius was nodulated by inoculum from Purshia mexicana nodules, while P. mexicana was nodulated by inoculum derived from Chamaebatia foliolosa [27] . It has also been shown that crushed nodules from Dryas drummondii in Glacier Bay, Alaska, successfully nodulated species of the genus Purshia [45] .
The size, structure and arrangement of 'Candidatus Frankia californiensis' in symbiosis varies depending on the host. The structure of both the bacteria of the genus Frankia and the host tissue in the Datisca glomerata nodules is highly similar to the nodule structure of Coriaria nepalensis [46] , the closest host-plant relative (Table 4 ; [47] ). The lanceolate nitrogen-fixing vesicles with thin vesicle envelopes formed by members of the genus Frankia point centripetally within the host cell, with a thick layer of plant mitochondria just outside the sphere of vesicles contributing to physiological oxygen protection [46] . On the other hand, in species of the genus Purshia and Ceanothus, and the other hosts for Cluster 2 (Table 4 , Fig. 4 ), the hyphae of the endophytic bacteria of the genus Frankia are arranged in a central cluster within the occupied host cells, with vesicles radiating outwards. These nodule features were considered sufficiently different that in the absence of isolates, they supported the creation of different species of the genus Frankia [10] . It is now known that nodule morphological features depend on the host (Table 4 ; [48] ).
The CFP, and coastal western North America generally, appear to serve as a haven for actinorhizal plants in the families Cucurbitaceae, Rosaceae and Rhamnaceae, consequently also resulting in the conservation of a highly similar sub-group of cluster 2 strains of the genus Frankia. This pattern is likely the result of an evolutionary bottleneck that would have followed migration of the diverse actinorhizal hosts and a reduced set of symbionts of the genus Frankia from the Beringian or from Mexican refugia. The natural barriers surrounding the CFP would have maintained an important level of endemicity in the plants and in their bacterial symbionts. There is evidence that strains belonging to the genus Frankia in members of the genus Ceanothus to the east of the Rocky Mountains are genetically distinct from strains in western North America [25] . As noted by Battenberg et al. [21] , this sub-region is a centre of biodiversity of the host genus, Ceanothus. On the other hand, the glnA sequence representing the genus Frankia from a Naming of species is useful and necessary to reduce confusion and help scientists ascertain that they are talking about the same biological entity. The difficulties in isolating species of the genus Frankia from some hosts has slowed that process for cluster 2 strains. However, the naming of unisolated strains as Candidatus should help structure the genus into recognizable species. Besides the cluster 2 lineage, other strains have proven resistant to growth in pure culture such as the Alnus-infective sporulating strains [49] . These should also be named as representatives of species to clarify the taxonomy and phylogeny of the genus Frankia.
DESCRIPTION OF 'CANDIDATUS FRANKIA CALIFORNIENSIS'
'Candidatus Frankia californiensis' (ca.li.for.ni.en¢sis. N.L. fem. adj. californiensis of or pertaining to California).
Nodulates and fixes nitrogen in the root nodules of members of the families Rhamnaceae (Ceanothus), Rosaceae (Chamaebatia, Purshia, Dryas) and Datiscaceae (Datisca) growing in the CFP [50] and is genetically different from other cluster 2 strains of the genus Frankia based on two genomes that have been sequenced, i.e. Dg1 and BMG5.1. Branched and septate hyphae penetrate host tissues and invade cortical cells where they differentiate into nitrogenfixing vesicles but no sporangia. Based on a draft-quality metagenome enriched for strain Dg2, the DNA G+C content of the genome is 67.90 % and its genome size is 5.929 Mb.
The proposed reference bacterium/genome is Dg2. The GenBank/EMBL/DDBJ accession number of the whole genome sequence of strain assemblage Dg2 is FLUV00000000.1 [22] .
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